Material design has recently become one of the key topics in the development of smart adaptive composites. In particular, different material constituents of the hybrid polymer composites with embedded Shape Memory Alloy elements (SMA composites) have to be combined and positioned in such a way that predetermined functional properties are obtained. Due to the complexity arising from the inherently nonlinear and hysteretic thermomechanical response of SMA elements, modelling of the functional behaviour of SMA composites has become an indispensable part of the SMA composite technology. In this paper, design of SMA polymer composites using a recently developed SMA composite model is demonstrated. The simulations carried out in a preliminary stage of the smart composite design help to find optimal material parameters of the SMA wires (Young's modulus and coefficient of thermal expansion of austenite and martensite, transformation temperature, strain, hysteresis, entropy, etc.) and of the polymer matrix (longitudinal Young's modulus, coefficient of thermal expansion), as well as optimal composite fabrication parameters (layout of the composite, volume fraction of wires, prestrain given to the SMA wires when hybridising it with the matrix).
Introduction
Adaptive composites are structural materials that integrate actuating and sensing capabilities, often under the form of embedded active materials. Shape memory alloys are good candidates for conferring these adaptive capabilities. The concept of smart hybrid composites 1) with embedded shape memory alloy elements /SMA composites/, which emerged in the late 80s, has attracted a world-wide research interest in the last decade. SMA composite materials are created by embedding SMA elements in the form of wires, ribbons or particles into matrix materials such as polymers, 2) metals 3) or composites. 4) The physical properties of the matrix materials are either improved by the SMA elements or can even be actively modified by controlling the progress of the martensitic transformation /MT/ of the embedded prestrained SMA elements. The functional behaviour of SMA composites follows directly from the functional shape memory behaviour of the SMA elements, being: 5) Recoverability of large strains in mechanical or thermomechanical loads. Large strain energy absorption. Large damping capacity. Variation of the physical properties of SMA elements with temperature-yield stress, elastic modulus, electric resistance and damping coefficient. Generation of recovery stresses by prestrained SMA elements upon heating in a constrained condition. Although all of these properties might be used in the development of SMA composites and various concepts have indeed been proposed, 1, 2) current developments are mainly based on the last property. The SMA wires are embedded prestrained into the polymer matrix. They are in the martensitic state at room temperature and shorten while transforming back to the austenite phase upon heating. The wires operate against the elastic stiffness of the host matrix, biasing their strain recovery. The result is that internal stresses are gradually generated in both the SMA wires (tensile) and in the composite matrix (compressive) with increasing temperature. Upon subsequent cooling, the reverse process starts after overcoming a temperature hysteresis, leading to the decrease of the internal stresses. Hence, the internal stress state in the SMA composite varies hysteretically during thermal cycling, and the physical properties of the composite, which are affected by the internal stress, vary as well. These stresses can strengthen the composite, 6) improve its properties concerning impact, 7) fatigue crack growth 8) or damping, 9) or modify its natural vibration frequencies. 10) In the case of a soft matrix material, reversible shape changes 11) can also be achieved. The SMA composite properties can thus be controlled by the temperature-either environmental temperature or through the Joule heating of the embedded SMA wires. For an application purpose, one needs to reliably relate the SMA composite properties to the temperature input.
This paper mainly focuses on the integration of thin prestrained shape memory alloy wires into fibre reinforced polymer plates with the goal to provide an adaptive functional response. In particular, modelling of the functional behaviour of SMA composites that helps to design these materials is dealt with here. The general requirements for the constituents and the production method are first introduced, then a modelling tool is presented, simulation results are demonstrated, and the effect of the choice of materials and the fabrication parameters on the functional response of the SMA composite is discussed. The work has been carried out as a part of a recently finished European research project, ADAPT. 
Material Design of a SMA Composite Beam
As already pointed out, the constituents of SMA composites (SMA wires and polymer matrix) as well as the processing parameters must be carefully selected to achieve the desired activation performance. Even if design of SMA composite plates for specific engineering applications is obviously a more general problem, in this paper, particularly this selection is referred to as "SMA composite design".
Requirements for the embedded SMA wires
Since the ability of SMA wires to generate recovery stresses in constrained thermal cycles is the most important property for most SMA composite applications, response of SMA wires in thermomechanical loads was systematically investigated. Figure 1 shows experimentally measured σ − T responses of NiTi5Cu [at%] thin wires, which were at first deformed to various strains at temperature T = 413 K 13) and then cooled-heated-cooled with the length of the wire fixed. The term "prestrain" is introduced to denote the strain level at which the length of the wire was constrained. It should be noticed that the σ − T responses during this kind of thermal cycle (Figs. 1(a) -(c)) are hysteretic, non-linear and dependent on the prestrain level. This clearly contrasts with the common approximation of a linear recovery stress increase with increasing temperature that is quite wide spread simplification in the SMA composite literature. Though the measured hysteresis widths are only fractions of the hysteresis, which would be measured in more common stress-free or constantstress thermal cycles, the hysteresis is still clearly present and has to be, therefore, taken into account when designing SMA composites. The maximum generated recovery stress σ rs as well as the slope s = dσ/dT measured in the linear parts of the σ = σ (T ) depend on the prestrain ( Fig. 1(d) ). Even if the σ rs increases with the increasing prestrain level, the slope s gets smaller. In addition to the stress, strain and temperature data, the electrical resistance variation of the thin wires during the test was measured. Except for the low temperature range (T < 340 K), where self-accommodated martensite likely appears, the observed slight variation of the electrical resistance (Figs. 1(a)-(c)) suggests that the martensite fraction varied only marginally during most of the constrained thermal load cycle. 13) It is often thought that the slope s is a material property, dependent mainly on the kind of the MT occurring in the SMA wire (s = 1-20 MPa/K), since, according to the ClausiusClapeyron equation (eq. (1)), it derives from the thermodynamic (entropy ∆S), and crystallographic (transformation strain ε tr ) characteristics of the undergoing martensitic transformation.
However, eq. (1) strictly applies for SMA single crystals only, and the transformation strain ε tr and consequently also the parameter s, are both crystal orientation dependent values. The slope s measured on a polycrystalline SMA wire will hence be affected by the wire drawing texture, prestrain, applied stress state and thermomechanical history due to mechanics of the SMA polycrystal transformation, as discussed elsewhere. 14) Consequently, the temperature dependence of the transformation stress shall not be generally expected to be linear for polycrystalline alloys and its derivative needs not to be strictly a material constant. NiTiCu SMA wires Within the ADAPT project, a central database of SMA wire properties was created, based on a set of commercially available thin SMA wires studied in thermomechanical tests to evaluate the available recovery stress responses. From this survey it was concluded that NiTiCu wires 13) (s ∼ 6-9 MPa/K, Fig. 1 ) are able to generate higher stresses and substantially less hysteresis than binary NiTi-wires 15) (s ∼ 5-6 MPa/K). NiTiCu-wires have also been found to remain much more stable in long term cyclic actuation. Consequently, the performance of SMA composites based on binary NiTi-wires will be far more inferior to that of composites based on NiTiCu-wires. One exception for binary NiTi alloys can be made, namely if the R-phase transformation takes place in the constrained thermal load cycle. 16 ) Then stress generation occurs at an exceptionally high stress rate (∼ 20 MPa/K) and the stress varies with a negligible temperature hysteresis in a very narrow temperature window (∼ 20 K) between zero and a clear maximum stress (∼ 350 MPa) characteristic for the given alloy. The combination of these characteristics makes the R-phase transformation particularly attractive for on-off control of adaptive composites. The characteristics related to the R-phase transformation are known to show an excellent cyclic stability and this applies also for the actuation cycles in SMA composites. 16) Moreover, the upper limit of the maximal recovery stress generated by the R-phase transformation safely ensures that only low shear stresses will be induced at the wire-matrix interface, which is likely favourable for the durability of thermally cycled SMA composites. 16) Table 1 summarises the material parameters of a suitable NiTiCu SMA wire used to manufacture SMA composites in the ADAPT project and considered in the present paper for the modelling.
Requirements for the host matrix of the SMA composite
The following requirements must be met for the polymer or polymer composite to be used as a host matrix in SMA composites:
the host composite must withstand temperatures above the activation temperature of the SMA without changing its structural properties, so typically the T g of the composite polymer must be well above the A s temperature of the SMA wires, the host composite processing temperature should be as low as possible, in order to prevent plastic deformation of the SMA wires during processing, the host composite must be an insulating material, if direct resistance heating is used for activation, the adhesion between the SMA wire and the matrix Table 2 Material and fabrication parameters of the SMA composites: E c and α c are, respectively, the Young's modulus and CTE of the polymer matrix in the direction of SMA wires, ε c is the prestrain of the SMA wires and v is the volume fraction of the SMA wires embedded in the composite.
Host polymer matrix Material Fabrication parameters parameters should be good enough to ensure a proper stress transfer, hence a proper activation of the composite. The essential material parameters of the polymer for its use as a host matrix of the SMA composite are its longitudinal Young's modulus, E c , in the SMA wire direction, and its coefficient of thermal expansion, α c . Both values can be adjusted by material selection and layout of the polymer composite.
The SMA composites dealt with in Section 4 were fabricated within the frame of the ADAPT project. The matrix, supplied by Advanced Composites Group, UK, was made of an epoxy resin LTM217 (T ginfinite = 490 K) either separately or in the form of prepregs containing 60 vol% Kevlar fibres. Kevlar 29 fibres were chosen as reinforcement due to their electrical insulation properties, relatively low modulus and negative coefficient of thermal expansion /CTE/. The resin was cured for 12 h at 343 K and post-cured for 4 h at 413 K reaching a T g = 433 K, measured by Dynamic Mechanical Analysis. The Young's modulus and CTE of the Kevlar fibre reinforced and neat resin matrix used to fabricate the SMA composite plates are given in Table 2 .
Processing of the SMA composites
Various fabrication procedures of SMA composites are described in the literature.
1) The essential fabrication parameters are layout of the composite, volume fraction of wires and prestrain of wires.
The composites dealt with in Section 4 were fabricated as follows. A specially designed frame (Fig. 2) , manufactured at EPFL, was used to prestrain and align the SMA wires with a constant spacing and keep them prestrained when curing the composite. The prestrained SMA wires were then placed between multiple layers of Kevlar/epoxy prepregs. The assembly was placed in a vacuum bag and cured in an autoclave. Following the selection of wires and matrix, the parameters which could be varied to design the adaptive composite were: i) the number of prepreg layers, ii) the spacing of the wires, iii) the number of wire layers (up to 2 in our set-up), and iv) the prestrain of the wires. A list of fabricated samples of different layouts with Kevlar fibre reinforced matrix and NiTiCu SMA wires is given in Table 3 . Another set of samples was prepared by embedding 16 wires in a neat resin matrix, using a specially designed mould mounted together with the frame. 
SMA Composite Modelling
A thermally cycled SMA composite inherits partially some properties from the embedded SMA wires. The functional SMA composite responses of interest, namely variations of its Young's modulus E comp = E comp (T ), internal stress in the matrix σ mat = σ mat (T ) and eventually macroscopic strain e comp = e comp (T ) in the SMA wire direction thus generally become non-linear and hysteretic. Since a "trial and error" approach towards the design would obviously be very costly, modelling the functional behaviour of SMA composites starting from material parameters of the constituents offers a very effective solution for designing SMA composites.
For this purpose, we have developed an algorithm for the prediction of the hysteretic thermomechanical responses of SMA wires.
17) The algorithm was later incorporated into a simple composite model 18) to simulate the unidirectional behaviour of SMA composite beams in thermal actuation cycles assuming only elastic and thermal strains in the matrix and an ideal load transfer across the wire/matrix interface.
Modelling the stress-strain-temperature behaviour
of SMA wires The algorithm was originally developed with the main aim to predict the hysteretic thermomechanical behaviour of SMA wires with a precision sufficient for application design purposes. It is assumed that the complex thermomechanical behaviour of SMAs under an uniaxial load can be derived from the knowledge of the governing evolution function for the martensite phase fraction ξ as a function of stress, σ , and temperature, T , combined into a single internal variable ϕ.
The evolution functions for ξ = ξ(ϕ) are calculated during thermomechanical load cycles as solutions of two governing differential kinetics equations of a form (3) slightly different for the forward and reverse transformations.
17)
Forward MT, dϕ/dt < 0 :
The sign of dϕ/dT differentiates between the forward and reverse MT in a general thermomechanical load cycle. The "equilibrium temperature" T 0 , used to evaluate the driving force acting on the martensitic transformation (exponents in eqs. (3)) and so the transformation condition, is not constand, but varies with the martensite fraction ξ according to eq. (4): 
where k 1 and k 2 are additional fitting parameters needed for the model to capture the stress dependence of transformation strain observed typically in thermal cycles under constant stress. E w is the Young's modulus of the SMA wire calculated by eq. (6) from the martensite, E m (T ), and austenite, E a (T ), moduli, each of them linearly dependent on the temperature with characteristic rates d E m,a /dT .
Being a solution of either eqs. (3a) or (3b), the martensite fraction ξ calculated at the current stress σ and temperature T thus also depends on the thermomechanical history. Particularly, the changing sign of the temperature derivative dϕ/dT plays a very important role, but also the limits or constraints imposed on the MT during the thermal cycle have significant effects. The σ −ε −ξ − T response of the SMA wire in a thermomechanical load cycle is calculated (eqs. (3)-(6) solved) using an incremental step procedure. In total, there are 10 SMA wire material parameters:
s (their meaning and actual values used for simulating the NiTiCu wires are given in Table 1 ). If the parameters are not found in the material property tables, they have to be determined experimentally as introduced in Ref. 17) . The algorithm with the appropriate material parameter input, however, does not yield gen-erally solutions close enough to the experimentally recorded responses of SMA wire, particularly if the hysteresis width or details of the shape of the σ − ε or ε − T curves are concerned. Therefore, a fitting procedure is adopted consisting in varying few fitting parameters so that one particular simulated solution approaches the shape of a single experimental pseudoelastic σ − ε loop at a constant temperature (Fig. 3(a) ).
The algorithm, meanwhile, works for partial thermomechanical cycles. 17) This is very important, since the martensitic transformation of the embedded SMA wire is associated with the partial hysteretic cycle as will be discussed below. Therefore, in order to correctly predict the generated recovery stresses, the employed SMA constitutive law must be capable to predict the response of the SMA wire in any partial σ − ε − T thermomechanical load cycle including a combination of thermal and mechanical loads. This is, however, still a rather difficult task in the SMA modelling field. Many SMA models available in the literature frequently give inaccurate results for such conditions.
Modelling the functional behaviour of SMA composites
The adaptation of the algorithm to simulate SMA composites has been made 18) by substituting the originally fixed constraint ε c (prestrain) with a new general constraint ε cc eq. (7),
which allows the length of the wire to vary partially with the stress and temperature during the thermal cycle. T rs is the temperature at which the constrained thermal load starts. The new general constraint reflects the fact that the polymer matrix is not rigid, but has its characteristic Young's modulus, E c , in the longitudinal direction parallel to the SMA wires and coefficient of thermal expansion /CTE/, α c . Simulations of the SMA composite behaviour presented here always start by the deformation of the SMA wire in the austenitic state (starting from conditions σ = 0, T = T s , ξ = 0) and proceeding up to the required prestrain level, ε c . Then the general constraint 7 is imposed and the simulation continues by thermal cycling between the prescribed upper and lower temperature or stress limits. Therefore, only the latter part of the simulations inform the SMA composite responses. This sequence was selected arbitrarily and it is followed consistently in Figs. 4-7 to simplify the orientation of the reader in the graphical presentations of the simulation results.
The calculated solutions ξ = ξ(ϕ) of the kinetics equations (3) depend on parameters ε c , E c and α c in eq. (7), which simulates the constraining effect of the matrix on the SMA wire, and thus on the martensitic transformation proceeding in the wire. The longitudinal Young's modulus of the SMA composite beam, E comp , is calculated by the rule of mixture (eq. (8)) of the elastic moduli of the wire, E w , and matrix, E c , using the SMA wire fraction v:
The matrix modulus, E c , is considered to be temperature independent in a first approximation, while the Young's modulus of the wire, E w , appears to be temperature dependent and hysteretic (eq. (6)) through its dependence on the martensite fraction ξ . The thermal dependence of the SMA composite beam Young's modulus E comp = E comp (T ) hence inherits the nonlinearity and hysteresis from the MT of the embedded SMA wire (eqs. (3), (6) , (8)).
The composite beam changes in length during the thermal cycle with the composite strain, e comp being equal to the matrix strain:
The recovery stress is still generated by the wires, even if they now change in length during the thermal cycle. The matrix stress, σ mat , is calculated from the force equilibrium between the SMA wires and the matrix at zero external stress:
The numerical implementation of the SMA composite model called RCloop is available on the internet.
19)

Simulation Results and Discussion
First, the simulation of an arbitrarily chosen pseudoelastic test on a SMA wire (using the material parameters from Table 1) is carried out and the algorithm is fitted. The five fitting parameters G, c, n, l and m let the algorithm fit the hysteresis width as well as adjust the algorithm to simulate closely the shape of the single experimental pseudoelastic curve. In this way, the two differential equations (eqs. (3a)(3b)) are slightly modified so the algorithm yields the correct solutions for the results of the selected pseudoelastic test on a given wire. This has been performed for the NiTiCu wire (parameters in Table 1 ) focused in this report. The result is shown in Fig. 3(a) .
Simulation of the SMA wire behaviour
Once the algorithm has been fitted, it is thought to be ready for simulation of any thermal, mechanical or thermomechanical cyclic load test on this SMA wire. 17) Although for the thermal cycling under constant applied stress some differences between the simulation and the experiment exist (the low temperature tail in Fig. 3(c) ) is not captured in the simulation), very reasonable agreement is achieved for the recovery stress tests (Fig. 3(b) ), which is particularly important for the treatment of the SMA composite behaviour (Fig. 3(d) ).
For an application in SMA composites, the simulated complex behaviour of the wire's Young's modulus in a thermal cycle is very interesting. In spite of the considered linear temperature dependencies of the Young's moduli of the individual austenite and martensite phases, a non-linear and hysteretic dependence of the wire modulus E w = E w (T ) near the transformation temperature interval is naturally introduced into the algorithm by calculating the E w through the rule of mixture (eq. (6)).
Simulation of the thermomechanical response of the SMA wire in the recovery stress test is demonstrated in detail in Fig. 4 . The recovery stress test is a two stage test consisting of a mechanical load followed by a thermal load. It starts as a pseudoelastic stress-strain cycling (Fig. 4(a) ) at T s = 403 K up to 700 MPa. In the second cycle, the mechanical load is stopped when the strain reaches ε c = 3.1% during forward loading branch (Figs. 4(a), (b) , (e)). From this moment, a thermal cycle, in which the length of the wire (prestrain ε c ) is held constant (Fig. 4(b) ), starts by cooling. The simulation continues as a cyclic thermal load between the limits given by zero stress and maximum temperature T = 403 K. The evolution of the stress, σ , (Fig. 4(c) ), as well as of the martensite fraction, ξ , (Figs. 4(d) , (e), (f)) in the thermal cycle are of interest. The narrow hysteretic loop σ = σ (T ) in the thermal load cycle (Fig. 4(c) ) corresponds to the small internal subloop ξ = ξ(ϕ) of the envelope hysteretic curve (Fig. 4(d) ) belonging to the previous pseudoelastic cycle. ϕ − T 0 quantifies the driving force acting on the MT (eqs. (3a), (3b) ). The driving force varies only slightly (Fig. 4(d) ) during the thermal load cycle (315 K < ϕ < 328 K) since both external variables of stress and temperature affecting the MT vary simultaneously in such a way that the driving force parameter ϕ stays close to the equilibrium temperature T 0 . This is rep- (Table 1) , neat resin composite matrix (Table 2 ) and fabrication parameters ε c = 0.035 and v = 0.1 were used. (Table 1) , Kevlar fiber composite matrix (Table 2 ) and fabrication parameters ε c = 0.031 and v = 0.1 were used.
resented by the stress variation along the Clausius-Clapeyron line (eq. (1)) in the σ − T space (Fig. 4(c) ). The progress of the martensitic transformation is rather equally distributed along the thermal cycle (Fig. 4(f) ) and the transformation kinetics dξ/dt is too slow to give a rise to any observable peak in Fig. 4(h) . From thermodynamics the point of view, the simulated response during the thermal cycle under constrained length of the wire hence corresponds to one of the admissible internal hysteretic loops (Fig. 4(d) ). This is why the ability of the algorithm to simulate correctly the shape of internal loops is essential for the recovery stress simulations. The simulated σ = σ (T ) response for the first cooling branch is always slightly different from that upon further thermal cycling. As a result, characteristic V-shaped σ = σ (T ) responses in cyclic thermal loads (Fig. 4(c) ) are obtained in agreement with the experiment (Fig. 1) . This first cycle effect is hence clearly elucidated by the modelling as an inevitable consequence of the hysteresis associated with the progress of the MT in more complex thermomechanical loads. (Table 1) , Kevlar fibre composite matrix (Table 2 ) and fabrication parameter v = 0.1 were used.
Simulation of the SMA composite behaviour
As introduced above, the simulation of the SMA composite functional response is accomplished by considering the general constraint (eq. (7)) in the calculation with the result that the length of the SMA wire is not anymore constant during the thermal load part of the simulated recovery stress test.
The SMA composite material design using the RCloop program is basically carried out by varying the material and fabrication parameters during the simulation. The on screen drawn σ − ε − ξ − T solutions change in response to the user's actions. The material design then consists in finding the material (Tables 1, 2) and fabrication (Tables 2, 3) In what follows, the simulated effects of some of the most important material and fabrication parameters on the functional properties of SMA composites are discussed. The experimentally measured functional responses of SMA composites studied systematically in the ADAPT project are not shown, except for Fig. 3(d) , since they can be found in a related paper in this issue 20) and elsewhere. [21] [22] [23] 
SMA wire parameters
Since the SMA composites are to be used at ambient temperatures (295 K-395 K), the choice of SMA wires is limited to wires with transformation temperatures close to and above room temperature. The material parameters of the SMA wire s, M s , A s , γ m are derived from the martensitic transformation taking place in the SMA wire. If one of the wire parameters is changed, the fitting procedure must be performed again to fit the algorithm. Fortunately enough, the transformation temperature parameters M s , A s can be set close to the room temperature as required (particularly for the NiTi based alloys), while keeping the parameters s, γ m unchanged by varying the chemical composition or the thermomechanical treatments during production of the wires. Concerning the s, γ m parameters: i) s is by far the most important parameter for generation of stresses in SMA composites (Fig. 4(c) ) since it gives roughly the slope of the σ = σ (T ) dependence, and ii) a larger transformation strain γ m (> 5%) is needed for wires to be embedded into SMA composites with soft matrix intended for shape change applications or into SMA composites with matrix having negative CTE (3 in Fig. 6 ) since the strain due to MT has to compensate for the large composite beam length variations during the thermal cycle. Obviously, SMA wires showing less hysteresis width are preferable from the SMA composite property control point of view.
The simulations show that the elasticity of the SMA wire, characterised by the Young's modulus of the wire, E w , is also very important for the design of SMA composites. Since temperature dependence of E w is nonlinear and hysteretic, the SMA composite is expected to inherit partially this behaviour. It comes out that, among the four material parameters
, particularly the rate d E a /dT and the difference between E a and E m critically affect the variation of the E w close to M s temperature. The nonlinear and hysteretic variation of E w , often measured experimentally in stress free thermal cycles on NiTi, is qualitatively well reproduced by the modelling (not shown here), in spite of the assumed linear temperature dependence of the austenite Young modulus E a = E a (T ), which is not exactly the case for the cooled NiTi close above the M s temperature. In the case of constrained thermal cycles, E w is predicted to vary in a quasilinear manner as Fig. 4(g) shows.
When thermally cycling the SMA composite, however, neither the strain of the wire nor the stress remain constant. The simulation results in Fig. 5 5(b) ) changes significantly. Namely, if E a decreases faster with temperature, the ξ = ξ(T ) dependence becomes more non-linear (Figs. 5(d), (f) ). In other words, the additional strain of the wire due to its lower modulus at lower temperature in this case compensates for the strain that would have to be otherwise brought about by the martensitic transformation (∆ξ ). Consequently, less martensite fraction variation than expected is necessary in the constrained thermal load cycle. Thus the internal loop ξ = ξ(ϕ) (Fig. 5(c) ) gets smaller with increasing d E a /dT and the internal loop ξ = ξ(T ) gets narrower and more non-linear (compare Figs. 5(e) and (g)). In the latter case, the martensite fraction suddenly starts to increase in the range of lowest temperature and stresses (< 200 MPa), and falls early upon reverse heating. If fact, a similar behaviour of the electric resistance of the SMA wire measured experimentally in recovery stress cycles ( Fig. 1 ) posed a little puzzle in our previous experiments.
13 ) It was thought that appearance of selfaccommodated martensite upon cooling at temperature close to M s is primarily responsible for electric resistance increase, but it was not clear how this may happen at stresses of the order of 200 MPa or even higher (an alternative reason might be B2 → R transformation). The simulation in Fig. 5 explains this elegantly by relating the nonlinear electric resistance response to the effect of elastic property variation of the SMA wire on the phase fraction evolution during the thermal load cycle.
Host polymer matrix parameters
When the SMA wire is embedded into the host polymer, its ability to develop a recovery stress and thus create the functional responses depends significantly on the host polymer matrix parameters E c , α c , and the fabrication parameters, being the wire prestrain, ε c , and the wire fraction, v. The simulations in the two following subsections are made for SMA composites (Table 2 ) fabricated by embedding prestrained NiTiCu SMA wires into the neat resin matrix (Fig. 5) and Kevlar fibre reinforced polymer matrix (Figs. 6, 7) . In each figure, the functional responses of SMA composites for which only one of the parameters is varied are mutually compared.
The matrix Young's modulus E c is a very important parameter affecting essentially all the SMA composite functional responses. Simulation results can be found in Ref. 18) . As the matrix becomes less stiff, the recovery stress cannot effectively develop. It should be pointed out that the SMA composite responses are significantly affected by the E c only when it reaches a certain range depending also on the values of other parameters, particularly on the E w , v and α c . On the other hand, even a relatively large variation of the polymer matrix CTE α c (Fig. 6 ) has a small effect on the recovery stress (Fig. 6(b) ), on the composite Young's modulus (Fig. 6(d) ), as well as on the matrix stress (Fig. 6(e) ). The hysteresis width of the responses, however, increases with increasing α c since the size of the ξ = ξ(ϕ) internal loop (Fig.  6(c) ) is very sensitive to α c . The variation of the composite length (Fig. 6(f) ), which is mainly due to the thermal dilatation of the matrix, can be efficiently compensated by the martensitic transformation in the SMA wire during the thermal cycle, provided that the prestrain ε c was suitably chosen.
Fabrication parameters
Finally, let us assume that the SMA wire (material parameters in Table 1 ) and the host polymer (material parameters in Table 2 ) were already selected as material constituents for the SMA composite to be produced. Thus only the fabrication parameters-SMA wire prestrain ε c , and wire fraction, v-are left over for the design. Figure 7 shows the role of the wire prestrain ε c . This parameter has apparently little effect on the SMA composite responses (Figs. 7(b), (d)-(f) ) as long as the wire prestrain is kept within the plateau range of the stress-strain curve. If, however, the prestrain was selected either too small (curve 1) or too large (curve 3), there might be serious problems with the recovery stress generation (Fig. 7(b) ) upon heating (curve 1) or cooling (curve 3), respectively. The "master" internal loop ξ = ξ(ϕ) (Fig. 7(c) ) maintains its size when changing ε c , but shifts with the prestrain ε c along the main hysteresis loop. Noteworthy, this is very different from the effect of α c (Fig. 5) . The transformation mechanism in the wire can not effectively work when the prestrain ε c was selected out of the transformation plateau range.
Finally, the role of the volume fraction v of the SMA wires shall be mentioned. The recovery stress σ generated by the embedded SMA wires is only slightly affected by the wire fraction v, and hence the internal matrix stress σ mat naturally increases (eq. (10)) with increasing v. Although this is true for any kind of composite matrix, the softer the matrix, the stronger is the effect of the wire fraction v. Simulation results for wire fraction effects in SMA composites with two different host matrices were compared with the experimental results in Ref. 23 ). The SMA composite modulus E comp can be substantially increased by increasing v and becomes also strongly temperature dependent. Compared to the composites with the Kevlar fibre reinforced matrix (Fig. 3(c) ), the strain of the neat epoxy matrix composite 23) in the thermal cycle can be made positive, negative or virtually temperature independent depending on the value of v.
The simulations and the results presented here had the main aim to survey the effects of the individual material and fabrication parameters on the SMA composite functional responses in the thermal load cycles predicted by the model. It comes out that the variation of each parameter affects the SMA composite responses in a somehow different way. However, we were only able to show here a very limited range of possible behaviours. Within the adopted approach, in which one of the parameters is varied and others stay unchanged, the simulated results always depend on the values of all other parameters. For example, just increasing the wire fraction from v = 0.1 to v = 0.2 may change significantly the character of the functional responses presented in Figs. 5-7. In addition, various multiple sets of parameters may result in identical simulated behaviours. Hence, there is not a unique optimum solution and the material design of SMA composites through computer modelling should be carried out by running the simulations interactively and finding thus a suitable set of material and fabrication parameters yielding the required functional SMA composites responses.
Conclusions
SMA/polymer composite beams must be carefully designed to exhibit the required functional property variations during thermal cycling. The design depends on a proper selection of the material parameters of the embedded SMA wires and of the host composite matrix as well as on the parameters of the fabrication procedures. It has been demonstrated that such a design can be accomplished by modelling the SMA composite responses. The effects of the individual material and fabrication parameters on the functional behaviour of SMA composites were demonstrated and discussed.
